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Abstract 
Soil has been shown to be a significant risk for exposure to Pb in urban environments.  In this study, we investigate a single 
residential property in Rochester, NY, USA.  Using a combination of field portable XRF and selective sequential extraction 
techniques, 3-D distribution of Pb in soil was determined for the property.  Result show substantial translocation of Pb downward 
through the soil profile, extending into the soil B horizon with the highest concentration of 1679 mg kg-1 found in the 5 to 10 cm 
depth interval.  Sequential extraction results show the majority of Pb to be associated with organic matter and crystalline 
oxyhydroxides.  Initial experiments investigating facilitated leaching found that strong chelating agents could remove appreciable 
amounts of Pb from the soil, suggesting both possible mechanisms for natural migration or for potential remedial options. 
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1. Introduction 
The urban environment in many older cities is severely impacted, and no longer provides a healthy environment 
in which people may live and thrive.  If restoration of the environment and its ecosystem may be accomplished in a 
cost effective manner that creates urban centers that provide people with a healthy place to live, they may once again 
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A critical component of urban restoration design is the remediation of Pb contaminated soil. This is a significant 
challenge that must be addressed before further restoration work can continue.  Lead contaminated soil must be 
shown to be able to be effectively remediated to levels that are below current USEPA standards (400 mg kg-1) and 
ideally lower than 100 mg kg-1 to achieve blood lead levels below 2 μg dL-1 1 which is now being recommended as a 
replacement level to the current 10 μg dL-1 for prevention of neurobehavioral development issues 2. 
Lead is known to be a persistent environmental problem and is a major public health concern 3,4.  The primary 
industrial sources of Pb contamination in most urban settings include industrial and manufacturing processes and its 
former use as a paint pigment. Widespread contamination due to the former use of lead in gasoline is also a major 
concern, given that leaded gasoline use peaked in the 1970’s in the United States versus Pb-based paint use that 
peaked in the 1920’s.  It is now recognized that soil Pb is an equivalent or greater risk than  Pb-based paint 5.  Most 
lead that is released to the environment is retained in the soil 6.  This suggests that remediation of soil should be a 
priority and may result in a greater reduction in child blood lead levels than abatement of Pb-based paints 5. 
Given the chemistry of Pb, high concentrations have been thought exist in the very near surface soil, and rapidly 
drop with depth 7, however there have been a few documented exceptions in urban settings.  Chirenje, et al. 8 and 
Bacon et al. 9 found Pb concentrations at high or the highest level 15 to 20 cm below the surface rather than at the 
soil surface.  This suggests possible mechanism for downward transport in some environments, and may have 
implications for remediation. 
In this study, we investigate a single residential property in Rochester, NY, USA.  The property has been owned 
by the same family since the 1950’s so a detailed history is known.  The house currently has aluminum siding that 
was installed in the 1970’s, but field portable XRF confirmed the presence of Pb-based paint on door and window 
trim.  No significant disturbance has occurred to the main grass covered areas of the property.  The original working 
hypothesis was to determine the 3-D spatial distribution of Pb in soil to evaluate the efficacy of deep soil tilling as a 
possible remedial option.  As our results will indicate, this option may not be possible.  Therefore, we initiated 
investigations of facilitated leaching to reduce soil Pb concentrations in the top 15 cm of soil to below or near the 




2.1. Field Methods 
Soil samples were collected using a stainless steel soil probe.  Since some limited compaction occurs during 
sampling, the total depth of the hole was measured and was the length of the soil plug.  The amount of compaction 
was distributed equally over the entire core.  The core was sectioned to represent depth intervals of 0-2.5, 2.5-5, 5-
10, 10-20, 20-30 and 30-40 cm depth.  Each depth interval from each of 21 sampling locations was placed in a 
plastic bag.  Field portable XRF (pXRF) was completed in triplicate on each sample using a Thermo Niton XL3t 
GOLDD+ analyzer, and the average of the three readings was recorded.  Upon return to the lab, soils were air dried.  
An aliquot of the air dried soil was oven dried at 105oC to determine the remaining moisture content. 
 
2.2. Total Pb 
Total Pb was determined on a subset of 18 samples to validate the pXRF analyses.  Total Pb was extracted 
following USEPA SW846 Method 3050B.  Extracts were analyzed by ICP-AES following USEPA SW846 Method 
6010C. 
 
2.3. Sequential Selective Extraction 
Selected soil samples from 3 cores were subjected to a sequential selective extraction (SSE) procedure following 
the method of Miller et al. 10 which assesses Pb distributed between soil physicochemical phases including, 
exchangeable, carbonate associated, organic matter associated, Mn and amorphous oxyhydroxide occluded and 
crystalline Fe oxyhydroxide occluded.  All extracts from the SSE were digested in nitric acid following USEPA 
SW846 Method 3005A.  Residual Pb was extracted following the same method as for total Pb above.  All extracts 
were analyzed by ICP-AES. 
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2.4. Column Leaching 
Initial studies of facilitated Pb leaching were conducted using packed columns.  Columns were constructed from 
1 cm diameter PVC pipe cut to 5 cm length, and packed to field bulk density with a mixture of 1 part soil and 4 parts 
acid leached sand.  Leaching solution were pumped upwards through the column using a peristaltic pump at a flow 
rate of 20 ml hr-1.  Fractions were collected to represent 0.5 column pore volumes for a total of 5 pore volumes.  




3.1. pXRF  
A comparison of pXRF and total Pb was completed to validate the pXRF results.  A correlation of the paired 
results returns an r2 value of 0.90 and was determined to be statistically valid.  This suggests that use of the pXRF 
results is valid for evaluating the 3-D distribution of Pb in the soil around the residence.  Results (Table 1) show that 
all samples except two have Pb concentrations above the 100 mg kg-1 level that has been suggested as safe.  The 
mean and median concentrations were 502 and 461 mg kg-1, respectively.  The two samples that were found to be 
below this level were the soil surface immediately adjacent to a recently repaired municipal sidewalk, and a 30-40 
cm deep sample that was completely within the soil B horizon.   
 
Table 1.  Pb concentrations (mg kg-1) by pXRF for each sample location and depth interval.  Bolded values are the highest concentrations in a 
given core.  Average concentrations are those for a given depth interval with the bolded value indicating the highest interval average 
 





0-2.5 2.5-5  5-10  10-20 20-30 30-40 
A 68 130 149 167 139     
B 388 549 617 625 562     
C 152 263 239 249       
D 142 178 150 248 223     
E 1353 1354 1455 1479       
F 194 270 274 321 279 178 121 
G 307 485 590 486 400     
H 806 1156 1430 1679       
I 245 330 381 389 410     
J 333 639 681 718 1515 1275   
K 331 491 464 500 494 380 456 
L 300 689 481 495 399     
M 476 486 587 631 485     
N 330 452 489 464 528 513   
P 234 473 593 512 461     
R 311 410 393 413 399     
T 418 570 655 627 479 214 91 
U 536 953 885 1167       
W 282 361 375 342 133     
Ba 344 376 489 533 506 337   
Ga   601 658 569 596 473 217 
Ave. 378 534 573 601 471 481 221 
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The remaining samples were found to range from 121 to 1679 mg kg-1. The highest concentrations were found 
immediately adjacent to the house, however, these concentrations were most commonly found 5-10 cm below the 
surface.  The average concentration at this depth was found to be 601 mg kg-1, with the average concentrations for 
each depth interval and the soil surface decrease above and below the 5-10 cm interval. 
 
3.2. SSE 
Sequential extraction results show that Pb is retained most in the organic matter and reducible phases of the soil.  
Very little Pb is found in the exchangeable or carbonate fractions.  The lack of Pb in the carbonate fraction is 
somewhat surprising given that soil pH values where near neutral and that carbonate bedrock is common in the 
region.  Results show an apparent trend of a decreasing significance of the organic fraction Pb with depth, and a 
corresponding increase in the oxyhydroxide occluded Pb.  Here, the oxyhydroxide occluded Pb is represented by the 
sum of the Mn and amorphous occluded and crystalline Fe occluded Pb.  Of these two fractions, the crystalline Fe 
occluded Pb is dominant with average concentrations approximately 50% greater than the Mn and amorphous 
occluded fraction.  This distribution may suggest a mode of translocation of Pb that is facilitated by naturally 
occurring organic matter, and is deposited deeper in the soil as oxyhydroxides increase.  Figure 1 shows the relative 
distribution of Pb among the various physicochemical phases, including the residual fraction which is typically 
equivalent in concentration to the crystalline Fe occluded fraction. 
  
Fig. 1.  Results of SSE procedure showing the relative distribution of Pb between the major soil physicochemical phases.  Organic matter 
(OM) associated Pb dominates with crystalline Fe oxyhydroxide (Xal-Ox) occluded  and Residual Pb are important phases, along with the Mn 
and amorphous oxyhydroxide (Amph-Ox) phase.  The exchangeable (Exch) and carbonate (Carb) phases are not important Pb containing phases 
in this soil. 
 
Facilitated leaching of Pb from the soil found that EDTA was the most efficient at removing lead.  A 0.1 M 
EDTA solution was found to remove 25.8% of the total Pb.  A dilute acetic acid solution (white vinegar) was found 
to remove 8.1% of the total Pb.  While the EDTA solution was approximately three times more effective at removing 
357 Mark R. Noll et al. /  Procedia Earth and Planetary Science  10 ( 2014 )  353 – 357 
Pb on a pore volume basis, plots of Pb removal versus time show a slight curvilinear trend.  Similar plots for the 
acetic acid show a single linear trend.  This may suggest that while the EDTA extraction process is slowing, the 




Soil, and more importantly soil dust, has been recognized as a significant contributor to the risk for elevated blood 
lead levels.  Previous work has strongly suggested that Pb will remain in the top few centimeters of the soil as it is 
strongly bond to soil particles.  In this study we found that Pb has migrated downward through the soil profile.  
Given that the apparent dominant source, Pb-based exterior house paint, has been at least partially sealed from 
weathering, the 3-D distribution of lead shows the highest concentrations typically between 5 and 10 cm depth.  This 
is similar to the results in two other studies 8,9, although not as deep.  Our results, however, do show a smear of Pb 
throughout the profile, extending into the soil B horizon. 
Studies on the distribution of Pb between soil phases is confounded by non-standard procedures.  Given that 
sequential extraction procedures are operationally defined, comparisons between studies using different methods are 
only qualitative.  Inasmuch, other studies 9,11 have found varying results, and they suggest that the source and loading 
of Pb to the soil surface plays a significant role.  It is important to note, that while these variations occur, it is 
common for Pb to be associated with oxyhydroxide phases as was found here.  The amount of Pb associated with 
organic matter in this study may be the result of the organic content of the soil or the way in which Pb was 
introduced via the weathering of Pb-based paint. 
The facilitated leaching of Pb by compounds with the ability to chelate polyvalent metals may be significant.  It 
suggests that complex organic molecules present in the soil may play a role in its translocation, and it may indicate 




1. Mielke, H.W., Gonzales, C.R., Powell, E., Jartun, M., and Mielke P.W.  Nonlinear association between soil lead 
and blood lead of children in metropolitan New Orleans, Louisiana: 2000–2005, Science of The Total 
Environment 2007; Volume 388, Issues 1–3, 15, pg. 43-53. 
2. Gilbert, S.G. and Weiss, B.  2006.  A rationale for lowering the blood lead action level from 10 to 2 mg/dL,  
NeuroToxicology 2006; 27, 5, p. 693-701. 
3. Ryan, J.A., Scheckl, K.C., Berti, W.R., Brown, S.L., Casteel, S.W., Chaney, R.L., Hallfrisch, J., Doolan, M., 
Grevatt, P., Maddaloni, M. and Mosby, D.  Reducing children’s risk from lead in soil.  Env. Sci. Technol. 2004; 
38, 1, p. 18A-24A. 
4. Mielke, H.W., Gonzales, C.R., Smith, M.K. and Mielke, P.W.  1999.  The urban environment and children's 
health: soils as an integrator of lead, zinc, and cadmium in New Orleans, Louisiana, USA. Environ. Res., 
1999,  81, 2, p. 117–129. 
5. Mielke, H.W. and Reagan, P.L.  1998.  Soil is an important pathway of human lead exposure.  Env. Health Pers. 
106, 1, p. 217-229. 
6. Evans, L.J. (1989), “Chemistry of Metal Retention by Soils, Environ. Sci. Tech., 23, p. 1046- 1056. 
7. Adriano, D.C.  2001.  Trace Elements in Terrestrial Environments, 2e.,  Springer, New York. 
8. Chirenje, T., Ma, L.Q., Reeves, M. and Szulczewski, M., 2004.  Lead distribution in near-surface soils of two 
Florida cities: Gainesville and Miami, Geoderma, Volume 119, Issues 1–2, pg. 113-120. 
9. Bacon, J.R., Farmer, J.G., Dunn, S.M., Graham, M.C. and Vinogradoff, S.I.  Sequential extraction combined 
with isotope analysis as a tool for the investigation of lead mobilisation in soils: Application to organic-rich 
soils in an upland catchment in Scotland, 2006, Environmental Pollution, Volume 141, Issue 3, pg. 469-481. 
10. Miller, W.P., Martens, D.C. and Zelazny, L.W.  Effect of sequence in extraction of trace metals from soils.  Soil 
Sci. Soc. of Am. J. 1986; Volume 50, p. 598-601. 
11. Gibson, M.J. and Farmer, J.G.  Multi-step sequential chemical extraction of heavy metals from urban soils. Env. 
Poll. Series B, Chem. And Phys. 1986; Volume 11, Issue 2, p. 117-135. 
